Enteroviruses, including coxsackievirus, echovirus, poliovirus (PV), and the numbered enteroviruses, are the second most common viral infectious agents in the world (41) . These viruses are transmitted through the fecal-oral route and can cause an array of clinical manifestations, ranging from mild febrile illness to potentially fatal syndromes including paralytic poliomyelitis, aseptic meningitis, and encephalitis (27, 28, 40) . Enteroviruses pose a public health threat because they are stable in aquatic environments and have low infectious doses (13, 14, 50) .
The importance of water as a vehicle for the transmission of enteroviruses, coupled with the very low infectious dose for many of these viruses, has resulted in the need for methods that can reliably and rapidly detect small numbers (e.g., 1 PFU per 1,000 liters of water) of infectious virus particles in environmental samples. Conventional methods for the detection and quantification of human enteroviruses rely on the production of cytopathic effects in mammalian cell cultures; however, traditional infectivity assays are too time-consuming and laborintensive for routine applications. Studies have been directed toward applying molecular methods, such as reverse transcriptase PCR, for more sensitive, specific, and rapid detection of viral genomes. However, PCR-based methods cannot indicate the capability of the viruses to cause infections, as the presence of the viral genome does not correlate with infectivity.
Viral replication inside the host cells is known to be a virusand host-specific event and has been used to identify infectious viruses. Some virus-inducible reporter systems have been established for viral detection based on transcription from viral promoters that are specific for virus-infected cells (35) . These transgenic cell lines provide a high level of sensitivity and specificity to facilitate the detection process. However, no research has been conducted beyond developing the concept of using a viral promoter-dependent reporting system. This strategy is not applicable to some RNA viruses, such as enteroviruses and hepatitis A virus (HAV), which exhibit no defined viral promoter region. However, most positive-strand RNA viruses, including enteroviruses, encode virus-specific proteases that cleave the primary translation product into mature proteins (46) . Viral proteases represent logical targets for the detection of infectious viruses, because the cleavage event proceeds in a defined manner and is ubiquitous within various virus families.
Enteroviruses, members of the Picornaviridae, are nonenveloped viruses with a positive-strand RNA genome (31) . Upon infection, the viral RNA genome is translated immediately into a single polypeptide, which is subsequently cleaved by two viral proteases, 2A (2A pro ) and 3C (3C pro ), to produce mature viral proteins (31, 46, 52) . The 2A pro of enteroviruses is a cysteine protease with a unique chymotrypsin-like property. During virus replication, 2A pro carries out the primary cleavage between its own N terminus and the C terminus of the preceding capsid precursor, VP1 (5) . Subsequently, the 2A protease performs an additional intermolecular cleavage in the VP3 region to release mature viral polymerase (25) . The cleavage mediated by 2A pro is highly specific and dependent on the primary sequences. This proteolytic processing occurs with 100% efficiency and high specificity (1) . Furthermore, 2A
pro is a diffusible protein and can carry out intermolecular cleavage of its substrate in the enterovirus-infected cells. 2A pro serves as a good candidate for virus detection, because the enzyme is highly expressed at an early stage of infection and the proteolysis of 2A pro is extremely efficient and selective. In this study, we report a novel fluorescence-based detection method using fluorescence resonance energy transfer (FRET) between a donor (enhanced cyan fluorescent protein [ECFP] ) and an acceptor (enhanced yellow fluorescent protein [EYFP]) fluorophore joined by a linker peptide containing the proteolytic site of 2A pro (Fig. 1 ). FRET is a phenomenon in which fluorescence energy is transferred from an excited fluorophore to a light-absorbing molecule, located in close proximity. On protease cleavage, the in vivo separation of the fluorescent protein pair can be monitored using fluorescence microscopy, which allows for the determination of active viral replication within the host cells. Poliovirus (PV) was used as a model virus to demonstrate the utility of the method for rapid, in vivo detection of infectious enteroviruses. By taking advantage of this unique feature of the viral proteases, this method may be applicable to other viruses portraying similar characteristics.
MATERIALS AND METHODS
Cell culture and viruses. Buffalo green monkey kidney (BGMK) cells were cultured in 4.0% (wt/vol) autoclavable Eagle's minimal essential medium-modified Earle's salts (AMEM; Irvine Scientific, Santa Ana, CA), 8 mM HEPES, 0.0075% (wt/vol) NaHCO 3 , 80 mM L-glutamine, 10 mM minimal essential medium nonessential amino acids (Gibco BBL, Grand Island, NY), 1,000 U/ml penicillin, 1,000 U/ml streptomycin, 2,000 U/ml nystatin, and 2 mg/ml kanamycin supplemented with 8% (wt/vol) fetal bovine serum (HyClone, Logan, UT) at 37°C in 5% (vol/vol) CO 2 . All virus strains used in this study were obtained from the American Type Culture Collection. Coxsackievirus B6 (CVB6), echovirus 11 (EV11), and poliovirus type 1 (strain LSc) (PV1) were cultivated in BGMK cells and purified as previously described (42) . The cell line was also used to determine the virus concentration in the stock solution. HAV was used for the specificity test as a negative control. HAV concentration was determined by plaque assay using FRhK-4 cells as the host.
The viruses were quantified using plaque-forming assays as described previously (11) . Briefly, 10-fold serial dilutions of virus stocks were distributed on confluent cell monolayers, and samples were incubated for 30 min at room temperature. A maintenance medium containing 1.5% (wt/vol) agarose in normal growth medium without fetal bovine serum was applied to the cells, which were then incubated at 37°C for 48 h. Plaques were visualized after overlay removal, cell fixation, and crystal violet staining.
Cloning, expression, and purification of 2A pro . Plasmids pMal-c.CV2A, pMalc.EV2A, and pMal-c.PV2A, which encode 2A pro of CVB6, EV11, and PV1, respectively, were constructed as described previously (39) . Briefly, the 2A pro gene of CVB6, EV11, and PV1 was amplified by reverse transcriptase PCR using the viral RNA genome as template and primers with internal restriction sites. Primers used for this study include the following: CVB6 forward, 5ЈCCGGAA TTCATGGGAGCCTTTGGGCAACAATC; CVB6 reverse, 5ЈCCCCAAGCTT CTATTACTGTTCCATGGCATCGTCCT; EV11 forward, 5ЈCGCGGATCCA TGGGAGCTTTTGGATACCAATC; EV11 reverse, 5ЈCCCCAAGCTTCTAT
TACTGCTCCATCGCATCGTCCT; PV1 forward, 5ЈCGCGGATCCATGGGA TTCGGACACCAAAAC; and PV1 reverse, 5ЈCCCCAAGCTTCTATTATTGT TCCATGGCTTCTTCTT. The PCR products were then digested with designed restriction enzymes and ligated into the pMal-c. ) in order to enhance protein solubility while maintaining proteolytic activity (34) . The MBP fusion proteins were constructed in order to enhance the protein solubility in E. coli. As reported previously, the proteolytic activity of the 2A pro fusion protein remains the same even in the presence of extra MBP sequences at the N terminus (34) . Therefore, the MBP-2A pro fusion protein was used for the following study.
MBP-2A pro was expressed and purified as described previously, with some modifications (34) . Briefly, E. coli cells transformed with either pMal-c.CV2A, pMal-c.EV2A, or pMal-c.PV2A were grown in Luria-Bertani (LB) medium containing 0.2% (wt/vol) glucose and 100 g/ml ampicillin until the optical density reached 0.5, and then isopropyl-␤-D-thiogalactopyranoside was added to 0.5 mM final concentration. Cells were grown at 30°C for an additional 5 h before harvesting. Cells were sonicated, and the crude extracts were collected for amylose affinity chromatography to purify the MBP fusion protein. The purified 2A pro was analyzed by sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis, concentrated by Centricon Plus-20 (Millipore, Billerica, MA), and stored in a pH 7.4 column buffer containing 100 mM sodium phosphate, 100 mM NaCl, 1 mM EGTA, and 1 mM dithiothreitol.
Cloning, expression, and purification of 1D2A-FRET substrate. A multiple cloning strategy was used to create plasmid pUC19.1D2A-FRET containing a fusion protein of ECFP and EYFP linked by the PV 2A pro cleavage sequences (peptide 1D2A, genome nucleotides 3359 to 3410). The gene for EYFP (32) was amplified by PCR (forward primer, 5ЈGAGCTCATGGTGAGCAAGGGCGA GGAG; reverse primer, 5ЈGAATTCTTACTTGTACAGCTCGTCCAT) and ligated to the pGEM-T vector. The resulting plasmid pGEM-EYFP was doubly digested by SacI and EcoRI endonucleases, and the 728-bp fragment was inserted into the same restriction sites of the pUC19 plasmid (New England Biolabs, Ipswich, MA) to generate pUC19.EYFP. The coding sequence of ECFP was obtained from the YELLOWcam3.1 plasmid (53) digested with HindIII and SphI, and the 728-bp fragment corresponding to ECFP was ligated to pUC19.EYFP to create pUC19.FRET. A DNA fragment encoding the PV 2A pro targeted polypeptide linker region (amino acid sequence, STKDLTTYGF GHQNKA) was inserted into the SphI and SacI restriction site between ECFP and EYFP. The resulting construct, pUC19.1D2A-FRET, was then digested with BamHI and XhoI, and the fragment corresponding to 1D2A-FRET was ligated to the pET-14b vector (Novagen, San Diego, CA) digested with the same enzymes to generate the construct pET.1D2A-FRET. The resulting plasmid expressed 1D2A-FRET substrate as a fusion product containing an N-terminal polyhistidine tag and was transformed into E. coli (strain BL21). 
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A mammalian expression vector encoding the 1D2A-FRET substrate was also constructed. Plasmid pUC19.1D2A-FRET was digested with HindIII and EcoRI, and the excised fragment was then cloned into the mammalian expression vector pcDNA3 (Invitrogen, Carlsbad, California) containing a neomycin resistance gene as a selectable marker. The resulting plasmid, pcDNA3.1D2A-FRET, was used to transfect BGMK cells for the establishment of the engineered cell line.
The fluorogenic substrate 1D2A-FRET was expressed as a polyhistidine fusion protein in order to facilitate the purification process through a Ni-nitrilotriacetic column. The 1D2A-FRET substrate was expressed and purified as described by the manufacturer (QIAGEN, Valencia, CA). E. coli cells transformed with pET.1D2A-FRET were grown in LB medium containing 50 g/ml ampicillin at 30°C and harvested at an optical density of 1.6. The bacteria were lysed in a French pressure cell, and the crude extract was prepared for affinity chromatography over a Ni column (QIAGEN) for purification.
In vitro cleavage assay and Western blots. An in vitro cleavage assay using purified MBP-2A pro and its fluorogenic substrate, 1D2A-FRET, was carried out at 30°C for 120 min in phosphate-buffered saline with 5 mM MgCl 2 and 5% glycerol. Samples were taken after incubation, and the fluorescence intensity of ECFP and EYFP was determined by a 96-well microplate reader with designed filter sets (POLARstar Optima; BMG Labtechnologies, Inc., Durham, NC). The fluorescence intensity of the fluorophores was measured by using the fluorimeter at excitation and emission wavelengths of 430 Ϯ 10 nm and 480 Ϯ 10 nm for ECFP and 480 Ϯ 10 nm and 520 Ϯ 10 nm for EYFP. Western blotting against GFP variant-specific antibodies (Clontech, Mountain View, CA) was conducted to verify the fluorimeter results.
Transfection of pcDNA.1D2A-FRET in BGMK cells. Parental BGMK cells were transfected with pcDNA3.1D2A-FRET, and clones resistant to G418 were obtained. BGMK cells at 95% confluence in 6-well plates were washed with serum-free, antibiotic-free AMEM medium prior to transfection. Vector pcDNA3.1D2A-FRET was introduced into BGMK cells by lipofection (39) using LIPOFECTAMINE PLUS Reagent (Invitrogen) following the manufacturer's instructions. The transfected cells were selected for neomycin resistance in regular growth medium consisting of 4 mg/ml G418 (Sigma-Aldrich Corp., St. Louis, MO). A prescreening procedure for the clones with high EYFP intensity was carried out in a 96-well microplate reader. A total of 12 clones were obtained and analyzed via flow cytometer-activated cell sorting. The clone with the most uniform and strongest EYFP expression level was selected for the subsequent study. The established engineered cells were cultivated using normal growth medium containing 4 mg/ml G418.
Acquisition of fluorescent images of the reporter cell line. The stably transformed reporter cells expressing the FRET fusion protein were cultured in 16-well slide chambers to full confluence 16 h prior to infection. Infection was conducted as described previously. The reporter cells without viruses were used as the negative control for each experiment. The reporter cells were also challenged with HAV (100 or 1,000 PFU) to test the substrate specificity of the 2A protease. Samples were mounted 7.5 h postinfection and examined using a confocal microscope (Leica TCS SP2/UV). To observe the in vivo FRET phenomenon, the cells were visualized by fluorescent microscopy at excitation and emission of 440 nm and 480 nm for ECFP and 480 nm and 520 nm for EYFP.
RESULTS

Fluorogenic 2A
pro substrate and in vitro cleavage assay. To demonstrate the utility of the FRET cleavage assay for detecting viral replication, a fluorogenic indicator containing an ECFP-EYFP pair joined by a 16-amino-acid linker containing the consensus 1D2A peptide sequence from poliovirus was constructed, and it was used as a substrate for 2A pro to test the trans-cleavage ability (Fig. 1) . Different amounts of MBP-2A pro were added to purified 1D2A-FRET, and the changes in ECFP fluorescence intensity were measured to illustrate the direct cleavage event mediated by 2A pro (Fig. 2) . As expected, cleavage of the 1D2A site resulted in the separation of ECFP and EYFP and a dose-dependent increase in the ECFP intensity. The result was also confirmed by Western blotting analysis (Fig. 2) . No detectable cleavage products were observed in the reaction without 2A pro , while reactions with MBP-2A pro exhibited extensive proteolysis, resulting in the production of cleaved ECFP and EYFP fragments (Fig. 2) . The amount of cleavage products was in agreement with the increase in ECFP intensity, Expression of the fluorescent substrates was verified by examining the bioreporter cells under a confocal microscope using a 440-nm/480-nm filter set for ECFP (Fig. 3A) and a 480-nm/530-nm filter set for EYFP (Fig. 3B) , which was monitored as an internal control. When the images in Fig. 3A and B were superimposed, the cells with intact fluorogenic substrate could be seen in yellow (Fig. 3C) . A baseline level of ECFP signal was observed due to the partial quenching of ECFP by EYFP. The cell lysate of the parental BGMK cells exhibited a background level of ECFP signal and was negative for ECFP and EYFP antibodies, while the genetically modified cells showed a high expression level of FRET substrate and were positive for ECFP and EYFP antibodies (data not shown).
In vivo detection of enteroviral infection. The reporter cells infected with PV1 synthesize 2A pro , which cleaves the fluorogenic substrate and results in an increased ECFP intensity. The reporter assay was tested by challenging the reporter cells with various concentrations of PV1, and the samples were examined by fluorescent microscopy as described above. The uninfected reporter cells or cells infected with HAV were used as negative controls and are shown in yellow (Fig. 4A) , while cells that allowed active viral replication are shown in green (Fig. 4B and  C) . Figure 4B and C show a dose-dependent increase in ECFP intensity after infection of the reporter cells with different concentrations of PV1.
Monolayers containing approximately 10 5 cells were infected with 1, 10, 100, or 1,000 PFU in total. Infected cells with increased ECFP signal were detected as soon as 7.5 h postinfection, and the number of cells with increased ECFP intensity correlated to the amount of virus added. A detection limit of less than 10 PFU was achieved (Table 1) . A parallel experiment using a plaque assay was also performed with the same sample set to verify the microscopy results. As expected, the results from in vivo cleavage assay were in agreement with the plaque assay. The 2A pro -mediated cleavage of the fluorescent substrates was also confirmed by Western blotting of extracts from the reporter cells infected with various concentrations of PV1 (data not shown).
To demonstrate the potential utility of the reporter assay for other enteroviruses, the reporter cells were challenged with two other enteroviruses, CVB6 and EV11, to determine the specificity of the fluorogenic substrate. Both CVB6 and EV11 induced an increased ECFP intensity at a level similar to those induced by PV1. The numbers of cells with higher ECFP signal than the control were also in proportion to the virus concentration in a given sample. Parallel experiments using plaque assay and Western blotting analysis of the cell extracts from the reporter cells infected with CVB6, EV11, and PV1 again confirmed the microscopic observations (data not shown).
Direct cleavage assays of CVB6 and EV11 2A pro . In vitro cleavage assays of CVB6 and EV11 2A
pro and the fluorogenic substrate were performed to demonstrate that the proteolytic event was mediated directly via these two enzymes. Both CVB6 
The sensitivity of the fluorogenic detection system was determined to be undetectable (Ϫ), detectable in some assays (ϩ/Ϫ), or positive (ϩ through ϩϩϩ). ϩ, few cells (Ͻ10) showed in green color under fluorescent microscope; ϩϩ, moderate number of cells showed in green (between 10 to 100); and ϩϩϩ, numerous green cells (more than 100) in a given experimental unit. Each experiment was replicated 10 times.
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and EV11 2A pro were expressed as MBP fusion proteins and purified via amylase affinity chromatography as mentioned previously. The same fluorimeter assay described before was applied by incubating the fluorogenic substrate with PV1, CVB6, or EV11 2A
pro . Figure 5 shows 
DISCUSSION
Protection against exposure to viral pathogens in water presents a particular challenge, because viral occurrence does not correlate well with the occurrence of indicator organisms (4). Conventional culture-based assay is the only method that detects infectious viruses, but it is too time-consuming for routine water quality surveillance. Engineered reporter cell lines, which can be designed to exhibit specific characteristics upon infection, have the potential to provide the means for the rapid detection of infectious viruses. The method developed in this study provided rapid (7.5 h postinfection) and sensitive (Յ10 PFU) detection of infectious viral particles by taking advantage of the viral replication process and specifically engineered cells.
For many viruses, viral proteases play a crucial role in the replication cycle. Substrate specificity and the efficiency of the 2A protease make it a perfect target for a diagnostic marker and antiviral drug development (6, 17, 23) . In this study, we demonstrated that a reporter cell line expressing fluorogenic protease substrate responds well to viral infection, and the infected cells could be detected easily through fluorescent microscopy. The reporter cells responded to all three enteroviruses tested with different sensitivities and did not respond to HAV, which is also a member of Picornaviridae, but it does not encode protease 2A (37) . The reporter cells achieved the same detection limit for PV1 and EV11 (Յ10 PFU) but had a higher detection limit for CVB6 (Յ100 PFU) ( Table 1) .
The 2A pro -mediated cleavage of the 1D2A junction is the first proteolytic event upon enteroviral infection; therefore, 2A pro is an excellent candidate for the rapid detection of infectious enteroviruses. Previous reports have shown that the critical amino acid residues in the 1D2A junction between VP1 and VP2 in enterovirus polyproteins determine the 2A pro -mediated proteolytic efficiency (6, 17, 42) . It has been shown that a 16-amino-acid peptide corresponding to the 1D2A junction derived from the poliovirus polyprotein, amino acids 874 to 889 (Fig. 1B) , can serve as a good in vitro substrate for poliovirus 2A
pro (6) . In addition, it has also been shown that a linker peptide less than 20 amino acids in length is sufficient for efficient fluorescence energy transfer between the donor and acceptor pair (33) .
The reporter cells are sensitive to all three enteroviruses tested, suggesting that the cell line established in this study has the potential to allow the detection of a variety of enteroviruses, if they have protease cleavage sites similar to that of PV. This method may also serve as a model system for the development of bioreporters for viruses with unique proteases. Despite the fact that research regarding tissue engineering has been extensively conducted, there are limited studies involving the application of engineered cell lines for the detection of infectious viruses. The results presented in this study demonstrate that genetically engineered cell lines can be applied to monitor active infection events in cell culture. However, the current approach is only semiquantitative. Using suspended reporter cells coupled with a flow cytometer as an end point analytical tool might provide more quantitative information.
In addition, the developed approach may also be adapted for anti-protease drug development. Due to their unique protein structures and essential roles in viral replication, viral proteases appear to be ideal targets for antiviral intervention (36) . Numerous compounds with potent in vitro activity against viral proteases, including the human immunodeficiency virus type 1 protease, human rhinovirus protease 3C, and coxsackievirus protease 2A, have been reported, but only some of them have been marketed at this point due to the lack of clinical efficacy (23, 36, 50) . The fluorescence resonance energy transfer-based protein substrates of viral proteases will allow rapid kinetic assays ideal for searching for protease inhibitors.
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